Abstract. To investigate the role of migratory birds in the dissemination of West Nile virus (WNV), we measured the prevalence of infectious WNV and specific WNV neutralizing antibodies in birds, principally Passeriformes, during spring and fall migrations in the Atlantic and Mississippi flyways from [2001][2002][2003]. Blood samples were obtained from 13,403 birds, representing 133 species. Specific WNV neutralizing antibody was detected in 254 resident and migratory birds, representing 39 species, and was most commonly detected in northern cardinals ( Cardinalis cardinalis ) (9.8%, N = 762) and gray catbirds ( Dumetella carolinensis ) (3.2%, N = 3188). West Nile virus viremias were detected in 19 birds, including 8 gray catbirds, and only during the fall migratory period. These results provide additional evidence that migratory birds may have been a principal agent for the spread of WNV in North America and provide data on the occurrence of WNV in a variety of bird species.
INTRODUCTION
West Nile virus (WNV) was first detected in North America in the fall of 1999 when dead birds began appearing in New York City and Long Island, New York. 1 Since its initial detection, WNV has spread rapidly throughout North America. After the winter of 1999-2000, WNV reemerged in New York and New Jersey in the spring of 2000 and began spreading northward through the Northeast United States. 2 In early 2001, it was detected again in the Northeast United States and in Florida and rapidly spread to the northern Midwestern states in early summer followed by a southward spread along the Mississippi River during the late summer and early fall. 3, 4 By the end of 2002, every state east of the Rocky Mountains had reported WNV activity. 5 In 2003, WNV activity in mosquitoes and sentinel and wild birds was first reported in California and major outbreaks in humans, equines, and birds occurred in Colorado and the northern Midwestern states. 6, 7 During this time WNV had also spread through much of eastern and central Canada, and into Mexico and the Caribbean. [8] [9] [10] West Nile virus is a flavivirus closely related to St. Louis encephalitis virus (SLEV), and is maintained in the environment principally through a mosquito-bird-mosquito transmission cycle. 11 ,12 The strain of WNV that was introduced to North America is highly virulent and is likely the primary cause of mortality for tens of thousands of North American birds. 13 This strain of the virus also has caused serious and fatal disease in both humans and domestic animals. 1 Different hypotheses have been put forward to explain this rapid expansion of WNV throughout North America. Migratory birds are thought to play a critical role in the movement of WNV. 12, [14] [15] [16] Little empirical evidence is available to support this hypothesis outside of the detection of WNV and WNV antibodies in a variety of migratory and nonmigratory bird species sampled on both wintering and breeding grounds. 10, 17, 18 However, in support of this hypothesis, viremic white storks ( Ciconia ciconia ) in Israel were identified during migration within 2 days of arrival at a stopover site. 19 To evaluate the hypothesis that migratory birds are an important factor in the movement of WNV in North America, we sampled birds at stopover sites along migration corridors for evidence of current and past WNV infection. ( Table 1 ) . During spring migration field crews began sampling efforts at southern study sites and then moved northward; during fall migration field crews began sampling efforts at northern study sites then moved southward. In general, the goal at each location was a minimum of 4 days of sampling or 200 samples. The duration of the trapping varied depending on location, flyway, bird movements, weather, and timing of migration ( Table 1 ) .
Birds were captured using mist nets (6, 9, and 12 m length × 2 m height, 4 panels, 36-38 mm mesh) suspended approximately 0.3 m from the ground to the net's maximum height. Nets were placed at suitable sites for the passive capture of passerine birds. The number of nets used depended on bird activity at each location and ranged from 4 to 25. Processing of captured birds included species identification, determination of sex and age, banding with U.S. Geographical Survey (USGS) aluminum bands, and blood collection. 20 Individual birds that were recaptured at the original site within the same sampling season were released and not sampled a second time and were not included in any recapture analysis; recaptured birds previously captured in other sampling seasons, or at other sites, were sampled.
Blood was primarily collected by jugular venipuncture from each bird using a sterile needle and syringe and the volume of the whole blood sample was recorded. In a limited number of cases blood was collected via the brachial vein. Blood sample volumes collected varied depending on the size of the bird and ranged from 0.01 to 1 mL but did not exceed 1% of body weight. All blood samples were immediately mixed with 0.9 mL BA-1 medium (M199 medium with Hank's salts and Tris HCl [with 7.5% sodium bicarbonate], 20% bovine serum albumin, 20% fetal bovine serum, Penicillin-Streptomycin, 100X, and Fungizone) in a labeled polystyrene centrifuge tube, allowed to sit in the shade at ambient temperature for approximately 10-15 min then held on wet ice until processing (up to 16 hr). At the end of each sampling day all blood samples were centrifuged for 10 minutes (at approximately 100 × g ) to separate serum and BA-1 mixture from the red blood cells. The serum and BA-1 mixture was then decanted into a labeled cryovial and kept frozen using dry ice. At ~2-week intervals, samples were transferred to −80°C laboratory freezers until shipping on dry ice for laboratory analyses. Initial field dilution of the sample was calculated by assuming a 1:1 ratio of serum to red blood cells, so a 0.2 mL sample diluted with 0.9 mL BA-1 medium resulted in an approximate field dilution of 1:10.
All serologic testing and virus isolation was conducted at the Arbovirus Laboratories, Wadsworth Center, New York State Department of Health. Virus isolation was attempted on all collected samples. Briefly, 0.1 mL of each sample was inoculated on a confluent monolayer of Vero (African green monkey kidney) cells. Cells were inspected daily for up to 7 days for the presence of cytopathic effect (CPE). Cultures exhibiting CPE were harvested for isolates and identified by indirect fluorescent antibody (IFA) and reverse transcriptionpolymerase chain reaction (RT-PCR ). Virus positive samples were not titrated. Nucleotide sequencing was conducted on a 700 base pair region of envelope of the viral genome of WNV isolates. 21 The U to C transition at nucleotide position 1442, resulting in a valine to alanine substitution at position 159 of the WNV E protein, indicated the virus belonged to the "WN02" clade. For serologic testing all samples were screened for anti-flavivirus antibody by indirect enzyme-linked immunosorbent assay (ELISA). 9, 22 Flavivirus positive ELISA samples were then tested via the plaque reduction neutralization test (PRNT) for WNV-specific and SLEV-specific neutralizing antibody and further titrated in serial 2-fold dilutions to determine the end-point titer. 23 Serum samples that neutralized ≥ 90% (PRNT 90 ) of virus were considered positive. A 4-fold or greater titer for one of the viruses indicated that particular virus as the etiologic agent for the infection. Samples that could not be differentiated by this method were deemed flavivirus positive.
Analysis of seroprevalence for all seasons combined was done using Pearson χ 2 to test for differences in seroprevalence among the seasons. 24 In addition, Cochran's Linear Trend test was used to determine whether there was an increasing (or decreasing) trend in seroprevalence between seasons. , for age and sex, and for seasonal comparisons for individual species was done by calculating the z statistic and P value using SYSTATs test for proportions. 24 Ages that included unknown (U) in the fall and after hatchyear (AHY) in the spring were not included in the analysis by age because they were default categories for birds that could not be aged. 
RESULTS
A total of 13,403 blood samples was collected from 133 species during six sampling seasons on the Atlantic flyway ( N = 10,362) and four sampling seasons along the Mississippi flyway ( N = 3,041) ( Table 1 ) . All samples collected were tested for WNV and 13,365 were tested by ELISA. Samples collected varied by season and year (Atlantic flyway: x = 1,727, range 1,466-2,100, Mississippi flyway: x = 760, range 528-1,095), and by site. However, the 35 most commonly sampled species accounted for 11,166 (83%) samples, and 67 species accounted for 95% of all samples ( Table 2 ). Gray catbird ( Dumetella carolinensis ) was the most commonly sampled species representing 23.8% of all captures (Atlantic flyway: 28.5%, Mississippi flyway: 7.6%). Northern cardinal ( Cardinalis cardinalis ) was the second most common species sampled representing 5.7% of all captures (Atlantic flyway: 4.8%, Mississippi flyway: 8.5%).
In total, 12,933 individual birds were captured and sampled during this study. Four hundred seventy recaptures were obtained representing 384 (3% of all banded birds) individual birds; 311 birds were recaptured once, 62 birds were recaptured twice, 9 birds were recaptured 3 times, and 2 birds were recaptured 4 times. All recaptures occurred at the site of the original capture during subsequent seasons or years.
Serum samples from 19 birds were positive for infectious WNV ( Table 3 ) Sixteen of the infected birds were aged as hatch-year (HY), 2 as AHY, and 1 as U. Viremic birds were captured as early as September 8 and as late as October 16 ( Table 3 ). In addition to the finding of infectious WNV we also detected 19 eastern equine encephalitis virus positive birds, 5 Flander's virus positive birds, 2 Highlands J virus positive birds, and 9 unidentified virus positives. These findings will be detailed in a future work.
Of all sampled birds, 426 samples (representing 62 species) were positive by ELISA ( Table 2 ) . By PRNT 90 , 254 (representing 39 species) of the 426 (60%) were positive for specific WNV-neutralizing antibody, 8 (2%) for specific SLEV-neutralizing antibody, 30 (7%) were undifferentiated flavivirus positive, and 129 (30%) were negative. Four (1%) samples lacked PRNT results and 38 were not ELISA or PRNT tested. For all samples positive by PRNT 90 for specific WNV neutralizing antibody ( N = 254), PRNT 90 titers were calculated ( Table 4 ) . Within the 426 ELISA positives, 6 individual birds were ELISA positive at two different captures. Of those 6 birds, 2 were positive for WNV antibody twice, 1 was positive for WNV antibody and was subsequently identified only as flavivirus positive, 1 was negative by PRNT 90 for antibody, 1 was negative by PRNT 90 for antibody and was then subsequently WNV positive, and 1 had no PRNT result, and was then subsequently negative. Seventy-three species were negative by ELISA ( Table 2 ) We analyzed age data for gray catbirds and sex data for northern cardinals. These analyses were limited as gray catbirds are not reliably sexed during most of the year and northern cardinals are not reliably aged during most of the year (Pyle 20 ). For gray catbirds captured in the fall, in all years combined, no significant difference in prevalence was noted between HY (5.4%, 66/1230) and AHY (5.5%, 13/235) birds ( z = 0.1033, P = 0.9178). In spring, in all years combined, no significant differences were detected between catbirds aged as second-year (SY) (1.2%, 5/428) and after second-year (ASY) (0.9%, 7/800) birds ( z = 0.8173, P = 0.4138). For all years combined, significant differences ( z = −6.67, P < 0.0005) were noted among fall Table 1 Beginning sampling dates and total serum samples (n) obtained for all study and spring captures of gray catbirds. In the fall, 81 of 1,509 (5.4%) gray catbirds were positive for WNV neutralizing antibody and in the spring 20 of 1,661 (1.2%) gray catbirds were positive for WNV neutralizing antibody.
There was a significant difference in antibody prevalence among northern cardinals by season ( z = −4.11, P < 0.0005). Across all study sites, 14.7% (51/344) of samples collected in the fall were positive and 5.5% (24/411) of samples collected in the spring were positive. Differences between spring and fall at Louisiana study sites were detected for all northern cardinals combined ( z = −2.732, P = 0.0063); 26.1% (24/92) of samples were positive in the fall and 9.5% (7/74) of samples collected in the spring were positive. Furthermore, at the two Louisiana sites an adequate sample size of northern cardinals was available for data analysis by sex. For spring samples, no difference by sex was noted ( z = −0.55, P = 0.5851); 7.1% (2/28) of males were positive and 10.9% (5/46) of females were positive.
DISCUSSION
The results of this study support the hypothesis that migrating birds may have played a key role in the geographic spread of WNV in the United States. We detected WNV viremia in 19 migrant and resident birds during the fall of 2002 and 2003. Although we sampled these birds during peak migratory periods, we cannot be certain as to where they obtained their infection or whether they were able to migrate once infected. Additionally, it is not known whether an individual birds virus status would influence its capture probability thereby effecting the virus prevalence we detected. 25, 26 Other studies of free living, wild species have yielded few detections of live virus at the time of capture. In the first year of widespread WNV activity in California, investigators were unable to detect viral activity in spring and fall migratory birds. 6 In 2002, only a single virus positive bird (1/264, 0.4%) was detected during another study of resident wild birds during the 2002 epizootic in St. Tammany Parish, LA, even though their study sites were focused in areas of known WNV activity. 27 The 0.8% detection rate of viremic birds found in the fall of 2003 in this study is a remarkable percentage considering that millions of migratory birds traverse the Atlantic and Mississippi flyways in the fall. Detection of WNV in one northern cardinal and eight gray catbirds, in combination with the high prevalence of specific WNV neutralizing antibodies observed in these species, suggests that these two species may play a significant role in maintenance and spread of WNV. These two species have been experimentally infected with WNV and their virus profiles reported. Northern cardinals infected experimentally had viremias of > 10 5 plaque forming units (pfu) for > 1 day with dectable viremia lasting for up to 6 days post inoculation (PI). 27 In gray catbirds, virus titers were of a slightly lower magnitude and were detectable for a shorter duration (up to 5 days PI), although virus titers in some individuals exceeded 10 5 pfu. 28 Gray catbirds and northern cardinals have also been shown to make up a high percentage of blood meals identified from mosquito species considered to be potential vectors of WNV. Gray catbird was the second most common species identified in blood meals obtained from Culex pipiens and the third most common in Culiseta melanura . 29, 30 Northern cardinal comprised a lower proportion of blood meals in both of these studies, but was the third most common species identified in blood meals of mosquitoes collected in Memphis and Shelby Counties, TN. 31 These two bird species are common in the eastern United States and regularly occur at the ecologic interface of urban, suburban, and rural areas, and data presented from this study combined with results from these mosquito and experimental studies suggest they may be important avian hosts for the maintenance and amplification of WNV. Although both species are similar in their breeding habitats, northern cardinals are considered to be year-round residents, whereas gray catbirds are migratory, wintering in the Atlantic and Gulf Coast regions of the United States and south into the neotropics. 32, 33 Through experimental and modeling studies, a number of authors have concluded that migratory birds are important in the spread of WNV throughout the Western Hemisphere. When Swainson's thrushes ( Catharus ustulatus ) and gray catbirds were experimentally infected with WNV, no difference in migratory restlessness was detected between infected and control groups, leaving the authors to conclude that both of these species could potentially disperse WNV along their migratory route. 28 In one theoretic model, the investigators concluded that migratory birds were the long-distance transport agents for WNV, with gray catbird being one of the 41 migratory bird species included in the model. 14 We detected viremic migratory birds at migratory passerine stopover sites along the east and gulf coasts during peak periods of fall passerine migration. Although we were unable to detect movement of these viremic birds during this study, our data provide additional evidence that migratory birds may play an important role in the long-distance movement of WNV.
During this study, a low seroprevalence of antibody to WNV was detected, but a significant increasing trend was also observed as reported in other similar studies. 34 In spring 2003 we detected 13 antibody titers ≥ 1:640, not previously seen in Overall, annual seroprevalence rates by year in this study are similar to what has been detected in other studies with more limited geographic coverage. On Staten Island, New York, after an observed outbreak in 2000, 23% of resident birds and no migrant birds had detectable anti-WNV antibody. 17 In Illinois, overall prevalence of anti-WNV antibody 27 In this study, birds were sampled on National Wildlife Refuges, also located within St. Tammany Parish, in late September and early October of 2002, but we found seroprevalence of only 1-2.1% among a similar group of resident wild birds as Komar and others 27 sampled. The difference between these rates is likely because of sampling locations. Komar and others 27 sampled at locations that were known areas where WNV positive human, horse, dead bird and/or mosquito samples were collected, although we selected sites with no known WNV activity but were likely to have higher migratory bird use. In this study, seroprevalence rates in 2003, again among a similar group of species that Komar and others sampled in 2002 and at the same study sites we initially sampled in 2002, increased to 22%. This increase in seroprevalence and the detection of WNV viremias in two birds during that fall at these same locations, suggest increased rates of WNV transmission in the parish after the initial year of widespread activity in 2002 in Louisiana.
Of all the species in this study that had detectable specific WNV-neutralizing antibody, northern cardinals and gray catbirds were the most commonly found with WNV antibody, but these were two of the most commonly sampled species in this study. Other studies have also detected relatively high rates of anti-WNV antibody in these two species. 17, 34, 36 Because of the large sample sizes of these species and the frequency in which anti-WNV antibody was detected among them, we analyzed gray catbird data by age and northern cardinal data by sex. In contrast to reports from an Ohio study, we detected no sex bias in seroprevalence rates in northern cardinals. 37 The only difference detected for these species was a significant increase in prevalence for birds sampled in the fall over that of spring captured birds as was the trend observed throughout this study.
The goal of the current study was to determine the role migrating birds played in the geographic spread of WNV. We detected a low prevalence of viremia among birds sampled at migratory stopover sites during peak periods of migration, however, in the context of millions of birds that migrate each year this low prevalence could still be significant. Results of this study also suggest that gray catbirds and northern cardinals may play a significant role in the transmission ecology of WNV as maintenance or amplification hosts and these species should be further examined to determine the extent of this role. 
